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Introduction
In petroleum engineering, gas drilling is an important unbalanced drilling method and can greatly improve the rate of penetration. Compared with conventional drilling technologies, gas drilling utilizes gas as the drilling fluid [1] . Through this method, underbalanced drilling can be easily realized in a downhole region because of the low density of gas media. In drilling treatment, water-based drilling fluid can cause the clay swelling and water blocking [2, 3] . However, the issues of formation damage can be solved perfectly when drilling with gas [4, 5] . Thus, this technology has been widely used in tight gas and shale gas reservoirs [6] .
In gas drilling, a high speed jet will be generated when a drilling fluid is injected into a wellbore [7, 8] . Notably, this effect is proportional to the compressibility of the gas [9] . Owing to the Joule-Thomson effect, the temperature of fluid greatly decreases. To uncover the downhole flow field and heat transfer characteristics during drilling with nitrogen (N 2 ) jet, we constructed a CFD model and then solved the continuity, momentum, energy, and heat conduction equations. The flow and temperature fields of nitrogen and rock were analyzed according to the simulation results. 
Model detail
Geometric model and boundary conditions Figure 1 was a 2-D geometric model for nitrogen jet drilling. This model consisted of the fluid and solid parts. The fluid part contained three regions: nozzle region, downhole region, and annulus region. The solid part referred to the ambient rocks. During nitrogen jet drilling, the nitrogen was injected through the drill pipe and then accelerated by the nozzle. As the nitrogen discharged from the nozzle, the high speed jet was generated in the downhole region. Then, the nitrogen jet impinged the bottomhole rock and then flowed out the downhole region through the annulus. In this model, the wellbore diameter was 50.8 mm, the drill pipe diameter was 31.8 mm, the thickness of rock was 30 mm, the distance between nozzle outlet and bottomhole (i. e., standoff distance) was 30 mm, and the nozzle outlet diameter was 6 mm. According to flow principles, the nozzle inlet was set as the pressure-inlet boundary condition, and the annulus outlet was set as the pressure out boundary condition.
Governing equations
As the nitrogen jet is a high speed flow process, we adopted the k-ε model to consider turbulence closure. The governing equations for the compressible fluid-flow in unsteady motion are provided:
For a compressible fluid, the continuity equation can be written [10] :
The momentum equations can be expressed in the cylindrical polar co-ordinate system because the geometry model had an axisymmetric structure [10] :
where C p is the isobaric specific heat of fluid, F x and F r are the components of the body forces, p -the pressure, t -the time, T -the temperature, x -the axial direction, r -the radial direction, v → -the velocity vector, v x -the axial velocity, v r -the radial velocity, v z -the swirl velocity, ρthe density, µ -the dynamic viscosity, and λ -the thermal conductivity. 
S713
In the calculation of the temperature field, the governing equations for heat transfer should be included. For a compressible fluid, the energy equation can be expressed as [11] :
In the cylindrical polar co-ordinate system, the heat conduction equation for rock [11] :
where ϕ ⋅ is heat generatio rate, and S T is the term for viscous dissipation. In this work, the heat generatio rate was equal to zero. At solid-fluid an interface, the conjugate heat transfer method was employed [12, 13] . The conjugated boundary conditions were set [11] :
where T f is fluid temperature, T s -the solid temperature, λ f -the fluid thermal conductivity, λ s -the solid thermal conductivity, and n -the common normal direction of the interface.
The nitrogen property equations
Isobaric heat capacity, density, thermal conductivity, and viscosity were considered. The state equation of Span et al. [14] was used for the evaluation of the density and isobaric heat capacity of nitrogen:
where α is reduced Helmholtz energy, α o -the ideal gas component of reduced Helmholtz energy, α r -the residual part of reduced Helmholtz energy, R -the gas constant, δ = ρ/ρ c , τ = T c /T, ρ c -the critical density of nitrogen, and T c -the critical temperature of nitrogen. The detailed expression of reduced Helmholtz energy can be seen in the reference [14] . The Lemmon and Jacobsen model [15] was used to calculate the viscosity and thermal conductivity. The expression of viscosity equation [15] :
The functional form for thermal conductivity is given [15] :
where μ 0 (T) is the viscosity of the dilute gas, μ R (τ, δ) -the residual part of viscosity, λ 0 (T) -the thermal conductivity of the dilute gas, λ R (τ, δ) -the residual part of thermal conductivity, and λ c (τ, δ) -the critical enhancement of thermal conductivity. The gravity, 9.81 m/s 2 , was also considered. The properties of the rock were set: density, 2500 kg/m 3 , isobaric heat capability, 760 J/kgK, and thermal conductivity, 2.5 W/mK. 
Simulation results analysis

Flow field
During the simulation, the boundary conditions were set: the pressure at the nozzle inlet (i. e., the inlet pressure), 18 MPa, pressure at the annulus outlet (i. e., the outlet pressure), 10 MPa, initial temperature, 350 K, and injection temperature, 320 K. Figure 2 shows the downhole velocity contours of nitrogen jet at different times. As the high pressure nitrogen entered the nozzle, the fluid accelerated rapidly. At the nozzle outlet, the high speed nitrogen jet emerged. Owing to the strong shearing effect of nitrogen jet, the fluid in the downhole region was disturbed. After the high speed impinged the bottomhole rock, it finally returned to surface through the annulus. For drilling engineering, the flow attached to the bottomhole can remove the rock debris, and the flow inside the annulus can take the debris away.
The high speed jet generates a great impingement effect on the bottomhole rock. As shown in fig. 3 , the pressure of nitrogen decreased continuously when high pressure nitrogen flowed through the nozzle. In the cylinder section of nozzle, the pressure decreased slightly. When notrogen flowed into the cylinder section of the nozzle, the pressure decreased sharply. Correspondingly, high speed jet was generated in this region, as shown in fig. 2 . As the notrogen jet reached the bottomhole, the pressure near the jet center increased considerably, thereby generating the impingement effect. Figure 4 shows the conversion of the velocity and pressure of nitrogen jet along the axis. At the nozzle inlet, nitrogen was in a high pressure and low-speed state. As the nitrogen entered the conical section of the nozzle, the pressure presented a gradual decrease, whereas the velocity started to increase. At the cylinder section of the nozzle, the pressure decreased quickly. The pressure decreased by 43.12% as the nitrogen flowed from nozzle inlet to the nozzle outlet. During this process, most of the pressure energy of nitrogen was transformed into kinetic energy. This transformation explains why the high speed nitrogen jet was immediately generated even though it was just dis- charged from the nozzle. As the jet entered the downhole region and impinged the bottomhole rock, the velocity of the nitrogen jet decreased, whereas the pressure increased. In this case, partial kinetic energy was transformed into pressure energy, thereby inducing the impingement effect.
Temperature field
As aforementioned, the pressure of nitrogen dropped sharply as it flowed through the nozzle. The length of the nozzle was extremely small, and the velocity of nitrogen was extremely high. Thus, the heat exchange between nitrogen and surrounding can be disregarded, and the flow inside the nozzle can be regarded as an insulated process. According to the thermodynamics theory, the Joule-Thomson effect, which presents the decrease in the temperature of the nitrogen jet, will be generated under this condition. As shown in fig. 5 , in the cylinder section of the nozzle, the temperature of nitrogen was already lower than the injection temperature, indicating that the Joule-Thomson effect was induced. Consequently, as nitrogen was discharged from the nozzle, the low temperature jet was generated, as shown in fig. 5 . When the low temperature jet impinged the bottomhole rock, the heat transfer between the nitrogen jet and rock occurred. From 0.1 second, the cooling region of the rock continuously expanded over time. Drilling with nitrogen jet induced the thermal cracking apart from the impingement effect. Figure 6 shows the temperature distributions of jet and rock at different times. From 0.1 second, the temperature of nitrogen in the downhole region remained unchanged. The heat transfer occurred inside the rock over time. The rock temperature continuously decreased because the bottomhole rock was always subjected to the impingement of the nitrogen jet. At 2 seconds, the rock temperature at the jet center position decreased from 350 K (initial temperature) to 316.77 K, presenting a 9.49% decrease. In this case, the thermal tensile stress was approximately 16.62 MPa at the specific rock parameters (Yong's modulus of 50 GPa and thermal expansion coefficient of 1 ⋅ 10 −5 K −1 ). This thermal stress may induce the tensile cracks inside the rock. Figure 7 presents the bottomhole rock temperature distribution along the radial direction. The bottomhole temperature decreased over time, and the bottomhole temperature decreased initially and then increased along the radial direction from the well center. At 0.1 second, the temperature was 317.83 K at the well center but 304.78 K at the distance of 8.19 mm from the well center. This phenomenon was also observed in other times. The drop amplitude of the bottomhole rock was closely related to the heat transfer between the low temperature nitrogen jet and the rock. Song et al. [16] indicated that this process has two heat loss mechanisms: the direct heat transfer between jet and ambient rock and the heat carried out by flow. The former mainly relies on temperature difference, and the latter is determined by flow rate. As the nitrogen jet impinged the bottomhole rock, the velocity of the jet attenuated to zero sharply at the well center. Thus, in the region near the well center, heat loss occurred through the direct heat transfer between nitrogen and the rock. As shown in fig. 8 , as the nitrogen jet impinged the bottomhole rock, the radial unconcentrated flow was induced. From the well center, the radial velocity increased initially and then decreased along the radial direction, and radial velocity reached its maximum value at a certain radial distance. Therefore, the heat carried out by flow played an important role in the heat transfer in the region where the nitrogenjet had high radial velocity. As shown in fig. 7 , the position that was 8.19 mm away from well center had the largest drop amplitude in bottomhole temperature. The high radial velocity in the downhole region facilitated the heat transfer between the nitrogen jet and rock.
Bottomhole rock temperature distributions
Conclusion
During drilling with nitrogen jet, the high pressure nitrogen was transformed into high speed jet owing to the acceleration of nozzle. In the downhole region, the high speed jet generated significant impingement performance on the bottomhole rock. In the cylinder section of the nozzle, the pressure of nitrogen decreased sharply, and this effect led to the Joule-Thomson effect. Thus, the high speed nitrogen jet with low temperature was generated, which absorbed heat from the bottomhole rock and caused a cooling effect on the bottomhole rock. The high radial velocity in the downhole region facilitated the heat transfer between the nitrogen jet and rock, and thus improved the cooling performance of the bottomhole rock. 
